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B o l t  Beranek and Netman Inc 

STUDIES OF MANUAL CONTROL SYSTEMS 

I . INTRODUCTION 

T h i s  I s  a repor t  of work we have done under Contract NASw-668 
during the s ix  month per iod beginning October 19, 1963 and 
ending A p r i l  18, 1964, the  last half of the first year of 
t h e  cont rac t .  

We have worked on three problems under t h i s  cont rac t :  
development of mathematical models f o r  t he  human c o n t r o l l e r ;  
(2) i nves t iga t ion  of the adaptive c h a r a c t e r i s t i c s  of the 
human con t ro l l e r ;  (3) inves t iga t ion  of mult i -axis ,  mult i -  
va r i ab le  manual con t ro l  systems. 

(1) 

During the  first qua r t e r  of  the con t r ac t  we concluded a n  
experimental inves t iga t ion  of human adapt ive con t ro l  char- 
a c t e r i s t i c s  and wrote a report  which has been published 
as NASA Technical Note TN-D-2255, "The Adaptive Dynamic 
Response Charac t e r i s t i c s  of the Human Operator i n  Simple 
Manual Control," by Laurence R. Young, David M. Green, 
Jerome I. Elkind and Jenni fe r  A. Kelly, dated Apri l  1964. 

During the second qua r t e r  w e  reviewed the  l i t e r a t u r e  on 
descr ibing funct ion models f o r  the human c o n t r o l l e r  and 
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wrote  a paper, "A Survey of t h e  Development of Models for 
the  Human Control ler ,"  by J. I. Elkind, which appeared i n  
the  book PROGRESS I N  ASTRONAUTICS AND AERONAUTICS, V o l .  13, 
Pages 623-643, 1964. 

During the  l as t  s i x  months of t h i s  cont rac t ,  t he  per iod wi th  
which t h i s  repor t  i s  concerned, w e  have continued our work 
on the development of models f o r  the human c o n t r o l l e r  and 
have i n i t i a t e d  an experimental i nves t iga t ion  of mult i -axis  
con t ro l  systems. Our work on models was published i n  a 
paper, "Adaptive Character is t ics  of the Human Control ler  i n  
Systems Having Complex Dynamics," by J. I. Elkind, J. A. 
Kel ly  and R. V. Payne, Proceedings of the  F i f t h  National 
Symposium on Human Factors i n  Electronics ,  IEEE Professional  
Group on Human Factors i n  Electronics ,  1964, San Diego, 
Cal i fornia .  Whereas t h e  f irst  paper devoted t o  models was 
concerned pr imari ly  w i t h  continuous descr ibing funct ion 
models, t h i s  second paper i s  concerned with sampled-data 
models. The inves t iga t ion  of the  mult i -axis  cont ro l  that  
w e  have begun i s  an experimental s tudy t o  determine the  
d i f fe rences  between s ingle-axis  and mult i -axis  cont ro l ,  and 
t h e  e f f e c t s  on human con t ro l l e r  performance of coupling 
among the cont ro l  axes. We are p a r t i c u l a r l y  i n t e r e s t e d  i n  
the extent  t o  which the  s ingle-axis  models apply t o  multi- 
a x i s  cont ro l .  A s  of the end of the  repor t ing  period, w e  
had performed only a few preliminary experiments. 
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11. INVESTIGATION OF MODELS FOR THE HUMAN CONTROLLER 

The work that  we have done on models during the per iod 
covered by t h i s  repor t  is summarized well i n  the paper that 
we presented a t  the  IEEE Meeting i n  San Diego. 
we include this paper as the p r inc ipa l  pa r t  of t h i s  s ec t ion  
on models. 

Accordingly, 

3 



ADAPTIVE CHARACTERISTICS OF THE HUMAN CONTROLLER IN SYSTEMS 
HAVING COI4PLEX DYNAMICS 

J. I. Elkind, J. A. Kelly, R. A. Payne" 
Bolt  Beranek and Neman Inc  

Cambridge, Mas sac  hu s e t t s 

Summa q 3334' 
A sampled-data model f o r  the human 

c o n t r o l l e r  i n  t ime-invariant con t ro l  sys- 
tems i s  proposed. The model i s  based on 
the  Young eye movement and t h e  Lemay-West- 
c o t t  hand-tracking models. It has a pur- 
s u i t  channel t h a t  provides memory f o r  mak- 
ing smooth almost continuous movements, a 
saccadic channel f o r  making sudden s t e p  
movements, and a force programmer f o r  
dr iving t h e  muscle-hand system. The vari-  
a b l e  parameters of the model are i d e n t i -  
f i e d  and the model i s  extended t o  systems 
having time-varying con t ro l l ed  element 
dynamics i n  which the  human e o n t r o l l e r  ad- 
j u s t s  h i s  characteristic6.to~c~rnpnsate 
f o r  t he  v a r i a t i o n s  i n  these dynamics. Ex- 
perimental  data are presented which show 
t h a t  f o r  sudden changes i n  dynamics the 
human c o n t r o l l e r ' s  adapt ive rocess i s  
composed of fou r  phases: (17 detect ion of 
a change, ( 2 )  s t ab i l i za , t i on ,  ( 3 )  reduction 
of accumulated e r r o r s ,  and ( 4 )  optimiza- 
t i o n  of dynamics. Detection of a change 
i n  con t ro l l ed  element dynamics i s  based 
l a r g e l y  on the behavior of the t racklng 
e r r o r  s i g n a l .  The times f o r  de t ec t ion ,  
s t a b i l i z a t i o n  and reduct ion of accumulated 
e r r o r s  can be reduced by cuing t h e  con- 
t r o l l e r  when a change i n  dynamics occurs 
and giving him knowledge of and p rac t i ce  
w i t h  the new dynamics. With proper cuing 
and when the sub jec t  knows the type of 
change i n  dynamics t o  be made, s t a b i l i z a -  
t i o n  can be accomplished i n  about t h ree  
sampling i n t e r v a l s .  Optimization fre- 
quent ly  r equ i r e s  considerable t i m e  t o  
completed, o f t en  as long as 10 t o  20 1 
seconds. 

Introduc t i o n  

Our ob jec t ive  i s  the development and 
testing of models of the human con t ro l l e r  
i n  time-varying con t ro l  systems, models of 
the process of human c o n t r o l l e r  adaptation 
t o  changes i n  con t ro l  system dynamics. A 
model f o r  the time-varying s i t u a t i o n  
should be b u i l t  upon, o r  a t  least  should 

+This r e sea rch  was supported by the  Air 
Force under Contract No. AF33(657)10124 
and by NASA under Contract No. NASw-668. 

include as a s p e c i a l  case,  a model of t h e  
human c o n t r o l l e r  i n  t ime-invariant  c o n t r o l  
s i t u a t i o n s .  Although a number of such 
models have been proposed, none seem com- 
p l e t e l y  satisfa t ry as a basis f o r  an 
adapt ive model. li-g Accordingly, we have 
been l e d  t o  the  development of a new model, 
which, although not y e t  completely v e r i -  
f i e d ,  has some i n t e r e s t i n g  f ea tu res .  

I n  the  development of t h i s  model w e  
have t r i e d  t o  maintain a c lose  co r re s -  
pondence between t h e  s t r u c t u r e  of the 
model and the  physiological  s t r u c t u r e  and 
p rope r t i e s  of the hand-tracking system. 
We have been l e d  t o  a sampled-data model, 
because t h i s  formulat ion of the model 
appears t o  provide a more accu ra t e  repre- 
s e n t a t i o n  of human c o n t r o l l e r  c h a r a c t e r i s -  
t i c s  than does a continuous model, and y e t  
i s  amenable t o  ana lys i s .  

t ime-invariant s i t u a t i o n ,  w e  discuss  some 
experiments wi th  time-varying c o n t r o l  sys-  
tems i n  which the  con t ro l l ed  element dy- 
namics underwent sudden changes. The 
process by which the human c o n t r o l l e r  
adapts  t o  these changes i n  dynamics i s  
examined and the  t ime-invariant  model i s  
extended t o  include t h i s  adapt ive behav- 
i o r  of the human c o n t r o l l e r .  

After present ing t h e  model f o r  t h e  

A Model f o r  t h e  Human Con t ro l l e r  
i n  Time-Invariant Systems 

The model w e  have developed was 
s t rong ly  inf luenced and contains  many of  
the f e a t u r e s  of t he  Young model f o r  eye 
movement con t ro l5  and of the  Lemay-West- 
c o t t  model f o r  compensatory hand t r ack -  
ing.6 These models are reviewed b r i e f l y  
below. For a detailed d e s c r i p t i o n  of 
them the reader i s  referred t o  the o r i g -  
i n a l  papers. 

A. Review of Models 

1. The Youm Model. A l i n e a r i z e d  
form of the Young model is I n  Fig. la. It 
I s  a sampled-data model with two forward 
channels t h a t  ope ra t e  on the sampled 
e r r o r  E*(t). The sampler M has a per iod 
of T seconds. The saccadic  channel 
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produces a s t e p  response t o  an e r r o r  af ter  
a delay T. The pu r su i t  channel computes 
the first difference of t h e  sampled e r r o r  
t o  estimate e r r o r  r a t e  and then responds 
continuously so as to produce a smooth, 
continuous output  whose v e l o c i t y  i s  
approximately equal t o  the estimated velo- 
c i t y .  It is, therefore ,  a channel t h a t  
has memory. It Is, however, i nope ra t ive  
when t h e  e r r o r  r a t e  i s  very large ( g r e a t e r  
than 300/second) and does not respond t o  
rates r e s u l t i n g  from saccadic movements. 
(The non- l inea r i ty  which i n h i b i t s  response 
t o  t a r g e t s  moving wlth high v e l o c i t y  i s  
not shown i n  Fig. la . )  

saccadic ,  p u r s u i t  and the combined (pur- 
s u i t  and s a c c a d i c j  systems t o  s tep  and 
ramp inputs .  Typical values f o r  t h e  sam- 
p l ing  i n t e r v a l  and saccadic delay times, 
T, are 0.15 t o  0.2 second.5-7 

2. The Lemay-Westcott Model. I n  
Fig. 2a i s  a f low diagram equivalent  of 
t he  Lemay-Westcott model. It is  a l s o  a 
sampled-data model. It has  a p r e d i c t o r  
A + Bs which operates on the  e r r o r ,  only a 
saccadic  type of forward path which con- 
t a i n s  a delay T (represented by z i n  t he  
f igure),  a zero-order hold (1-z)/s, and a 
f o r c e  programmer which produces a pu l se  of 
acce le ra t ing  fo rce  followed by a pulse  of 
dece le ra t ing  f o r c e  as shown a t  the bottom 
of the f igu re .  The model a l s o  has a feed- 
back of the predicted response r of t he  
muscle- hand dynamics t o  the proggam of lbrce 
about t o  be appl ied.  This p red ic t ion  I s  
necessary i n  t h e i r  model because the sam- 
p l i n g  i n t e r v a l  T i s  one-half the  sum of 
r e a c t i o n  t i m e  delay and movement time. 
The p red ic t ion  feedback prevents  the model 
from responding t o  an e r r o r  detected dur- 
ing the  previous sample f o r  which a cor-  
r e c t i v e  movement i s  about t o  begin. 

I n  Fig. l b  a r e  t h e  responses of the 

The response of t h e  Lemay-Westcott 
model t o  a s t e p  and a ramp i s  shown i n  
Fig. 2b. For the  step,  the p r e d i c t o r  I s  
assumed equal t o  1. For t h e  ramp, i t  i s  
assumed equal t o  1 + 2s. A t y p i c a l  sam- 
p l ing  i n t e r v a l  T i s  about 0.2 - 0.3 sec- 
ond. Note the s t a i r c a s e - l i k e  response t o  
t h e  ramp. 

B. SDecifications f o r  a Hand Trackiw, 
Model - 
Neither the Young nor the Lemay-West- 

c o t t  model i s  completely s a t i s f a c t o r y  f o r  
the hand t racking.  Rather than d i scuss  
t h e i r  d e f i c i e n c i e s  i n  d e t a i l ,  w e  w i l l  pre- 
s e n t  c h a r a c t e r i s t i c s  that  a s a t i s f a c t o r y  
model should possess, support  the neces- 
s i t y  f o r  these c h a r a c t e r i s t i c s  by refer- 
ence t o  the l i terature o r  t o  examples of 
t racking data, and then p resen t  a flow 

diagram of the model t h a t  possesses these 
desired c h a r a c t e r i s t i c s .  

1. PerceDtuab Charac te r i s t i c s .  A s  
B a r t l e y  and o the r s  po in t  out ,  target 
displacement and ve loc f ty  are primary per- 
cep tua l  q u a n t i t i e s  and appear t o  be per- 
ceived d i r e c t l y .  The Young method of de- 
r i v i n g  v e l o c i t y  from displacement samples 
seems somewhat i n c o r r e c t ,  al though i t  has 
the  advantage of providing a n  estimate of 
the average v e l o c i t y  during a sampling in -  
t e r v a l .  Averaging seems necessary t o  av- 
o i d  spurious v e l o c i t y  estimates r e s u l t i n g  
from i r r e g u l a r i t y  i n  the e r ro r .  

2. Intermit tency.  There are a num- 
b e r  of arguments i n  favor  of  an in t e rmi t -  
t e n t  o r  sampled-data model. Such a model 
allows n a t u r a l l y  f o r  a v a r i a t i o n  i n  re- 
a c t i o n  times, and leads t o  a r e  t ngular  
d i s t r i b u t i o n  of r e a c t i o n  times ,'-e which, 
although not  an accu ra t e  approximation t o  
measured r e a c t i o n  time d i s t r i b u t i o n s ,  i s  
b e t t e r  than the f i x e d  r eac t ion  t i m e  pre- 
d i c t e d  by a continuous model. There i s  
evidence i n  t r ack ing  records tha t  respon- 
ses are made i n t e r m i t t e n t l y  (F ig .  3b) ,  a l -  
though, i n  continuous t racking a well- 
p rac t i ced  s u b j e c t  o f t e n  can respond 
smoothly without apparent i n t e rmi t t ency  
(Fig.  3a). Such smooth t racking can be 
a t t r i b u t e d  t o  a smooth p u r s u i t - l i k e  f o r -  
ward channel coupled t o  an appropriate  
fo rce  programmer. Note that  i n  Fig. l b ,  
Young's i n t e r m i t t e n t  model responds 
smoothly t o  ramp inputs .  

Samnling I n t e r v a l .  When t racking random 
steps w i t h  con t ro l l ed  element Yc=K one 
o f t e n  observes rea t i o n  times i n  the  range 

When t r ack -  
ing continuous random s i g n a l s ,  the average 
delay i n  human c o n t r o l l e r  descr ibing 
funct ions i s  u s u a l l y  about 0.15 second. 
No wel l -substant ia ted explanation f o r  
t h i s  discrepancy has been offered.  The 
i n t e r a c t i o n  between eye and hand move- 
ments i n  compensatory t racklng may poss- 
i b l y  be a con t r ibu t ing  f a c t o r .  When hand 
t r ack ing  i n  a compensatory system, the 
c o n t r o l l e r  u s u a l l y  follows the  target wi th  
h i s  eyes i f  it is n o t  moving too fast. 
When t h e  target makes a s t e p  displacement 
h i s  eyes move f i rs t  onto t h e  target and 
then he moves h i s  hand. I n  such a case,  
t h e  r e a c t i o n  t i m e  of the eye movement sys- 
tem may add t o  that of the hand system. 
When t r ack ing  a continuous s l g n a l ,  t he  
target r a r e l y  leaves the fovea i n  the in-  
t e r v a l  between samples and the eye move- 
ment r e a c t i o n  time should not e n t e r  i n t o  
the hand system dynamics. According t o  
t h i s  hypothesis,  i f  we  assume tha t  t he  
sampling processes of the eye and hand 
system are synchronized by the occurrence 
of t h e  s t imulus ( s t e p  displacement of the 

3. Reaction Time,  Movement Time and 

0.2 t o  0.35 second 5;1 (Fig. 4) .  

1-2 
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t a r g e t )  , w e  would expect the hand react ion 
t i m e  d i s t r i b u t i o n  t o  be the same as the 
eye d i s t r i b u t i o n  plus  about 0.15 second, 
I n  t h e  eye and hand r eac t ion  f i m e  d i s t r lbu -  
t i o n s  obtained by Okabe e t  a1 
i n  Fig. 4, the hand r eac t ion  times are 
about 0.1 second longer than the eye re- 
a c t i o n  times. However, Okabe observed 
that  eye movements a r e  not necessary fo r  
s t e p  func t ion  t racking , bu t  he apparently 
d i d  not determine if there was a differ- 
ence i n  hand r eac t ion  time when the eyes 
moved and when they d id  not. Further  ex- 
perimental  work i s  required t o  es tabl ish 
the  cause of the  d i f f e rence  between s tep 
and continuous tracking. 

Lemay and k s t c o t t  g ive  0.2 second a s  
the t i m e  required t o  make the first move- 
ment i n  response t o  a s t e p  input.  Y e t ,  i n  
continuous t racking one f r equen t ly  ob- 
serves  movements as s h o r t  as 0.1 second 
(Fig. 3b ) ,  wi th  0.15 second being a good 
estimate of the average duration. T h i s  
d i f f e r e n c e  between s t e p  and continuous 
t racking may r e s u l t  from a l i m i t  on the 
v e l o c i t y  of movements which causes a 
lengthening of t he  time f o r  t he  i n i t i a l  
movement i n  the response t o  a l a rge  step, 
bu t  s t i l l  permits s h o r t  movements such as 
required f o r  continuous t racking t o  be  
made i n  0.15 second. 

Lemay and Westcott u se  a sampling i n -  
t e r v a l  of 0.2 second i n  t h e i r  model. T h i s  
would lead t o  a peak i n  t h e  system describ- 
i n g  func t ion  a t  2.5 cps one-half he sam- 
p l ing  frequency. Bekey4 and Navasb found 
t h a t  i n  continuous t racklng the  sampling 
peak u s u a l l y  f e l l  between 1.2 and 1.6 cps.  
T h i s  would suggest a sampling i n t e r v a l  of 
about 0.3 t o  0.4 second. However, t h e  
sampled-data model leads t o  a rectangular 
d i s t r i b u t i o n  of s t e p  r eac t ion  times whose 
width i s  equal  t o  the sampling In t e rva l .  
For s t e p  inpu t s  the hand system reaction 
times are concentrated i n  a 0.15 second 
wide r eg ion  from 0.2 t o  0.35 second,which 
suggests  a sampling i n t e r v a l  of 0.15 sec- 
ond. The discrepancy between these two 
values of t h e  sampling i n t e r v a l  m i  h t  be 
resolved by pos tu l a t ing  w i t h  Vincefio a 
r e f r a c t o r y  mechanism t h a t  prevents addi- 
t i o n a l  samples from being taken, o r  a t  
l e a s t  from being processed, u n t i l  the move- 
ment made i n  response t o  the  previous 
sample has been completed. Such a mechan- 
i s m  would r e s u l t  i n  a sampling i n t e r v a l  of 
about 0.15 second while the  c o n t r o l l e r  was 
waiting f o r  a s t e p  inpu t  t o  occur, and a 
sampling i n t e r v a l  of 0.30 second a f te r  he 
had i n i t i a t e d  h i s  response, assuming a 
movement t i m e  of 0.15 second. T h i s  kind 
of sampling would account f o r  both the  
0.15 second spread i n  r e a c t i o n  time and 
t h e  1.5 cps sampling peak i n  system des- 
c r i b i n g  funct ion.  It is  i n t e r e s t i n g  to  
no te  t h a t  Young, who obtained eye movement 

and plot ted 
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s t e p  funct ion r eac t ion  times d i s t r i b u t e d  
l a r g e l y  between 0.2 and 0.4 second, ob- 
served a sampling peak i n  eye movement 
descr ibing P m c t i o n  zt about 2.5 cps, 
which corresponds t o  a sampling i n t e r v a l  
of  0.2 cps. Eye system movement times a r e  
very s h o r t  compared t o  r e a c t i o n  time. 

4. Forward Channels. There i s  evi-  
dence of both a smooth p u r s u i t  as w e l l  as 
a saccadic channel i n  the hand-tracking 
system, d e s p i t e  a s s e r t a t i o n s  t o  t h e  con- 
t r a r y  by Navas.9 

ramp inpu t  w i t h  Yc(s)=K. I n  Fig. Y! Of i s  a the 
p l e  of smooth p u r s u i t - l i k e  t r a c k i  

response of the same system (Yc=K) t o  a 
f a i r l y  fast  parabol ic  input .  Note t h a t  
t h e  s t i c k  response appears t o  be composed 
of s t r a i g h t - l i n e  segments w i t h  gradual  
t r a n s i t i o n s  between them and one large 
saccadic movement. These elements of t he  
response a r e  a l s o  evident i n  the  record of 
response rate. T h i s  r e s u l t  is character-  
i s t i c  of a f i r s t - o r d e r  sampled-data system. 
Young obtained eye movement records very 
similar t o  those i n  Figs. 5 and 6. Thus, 
i t  seems necessary t o  include i n  ou r  hand 
model a smooth p u r s u i t  channel t h a t  i s  
very similar t o  the eye movement p u r s u i t  
channel. It i s  a l s o  evident  from s tep  
responses and o t h e r  records t h a t  a sacca- 
d i c  channel should a l s o  be an i n t e g r a l  
p a r t  of the model. 

channel i s  t h a t  it; has mcnory. A single 
stimulus 7~nr le r  most circumstances produces 
8 coiitlnuous response of constant  velocity.  
The saccadic channel does not have memory 
and a single s t imulus g e n e r a l l y  produces a 
s i n g l e  s tep  response. 

5. Force Proaram. The concept of 
the fo rce  program i s  a very important con- 
t r i b u t i o n  of the Lemay-Westcott model. The 
kind of fo rce  program used by the  human 
c o n t r o l l e r  depends upon the  task, pa r t i cu -  
l a r l y  upon the con t ro l l ed  element dynam- 
i c s ,  Y c ( s ) .  I n  Figs. 3a, 3b and 3c are 
exam les of c o n t r o l l e r  s t i c k  movements f o r  
Yc(sy=K, u s ,  and K / s 2 .  For Yc(s)=K/s the 
s t i c k  movement i s  highly saccadic.  T h i s  
Mnd of movement could be produced by a 
“bang-bang” fo rce  program d r iv ing  an in-  
e r t i a l  load as suggested by Lemay-Westcott. 
For Yc(s)=K/s2 (Fig.  3c)  t h e  bas i c  move- 
ment appears t o  be less l i k e  a s t e p  and 
more l i k e  a t r i a n g u l a r  pulse ,  which would 
be roughly the d e r i v a t i v e  of t he  s t ep - l ike  
b a s i c  movements observed f o r  Yc(s)=K/s 
(Fig. 3b).  By changing h i s  fo rce  program 
i n  t h i s  way t h e  c o n t r o l l e r  i s  a b l e  t o  
achieve r a t e  compensation of  the con t ro l  

Figure 5 g ives  an exam- 

The e s s e n t i a l  property of t h e  p u r s u i t  

loop. 

6. Muscle and Hand Dsrnamics. For 
our  purposes i t  seems s u f f i c i e n t  t o  assume 
wi th  Lemay and Westcott t h a t  t h e  dynamics 



of the hand and muscle are a pure i n e r t i a ,  
l/s2. These dynamics, together  wi th  the 
appropr i a t e  f o r c e  program l ead  t o  move- 
ments tha t  approximate c l o s e l y  those of 
the human con t ro l l e r .  However, i t  should 
be recognized that such a simple repre-  
s e n t a t i o n  of t h e  muscle-hand dynamics do 
not take i n t o  account t he  closed-loop 
nature  of the muscular con t ro l  system and 
i ts  v a r i a b l e  c h a r a c t e r i s t i c s  , a l l  of which 
p l ay  an important ro l e  i n  t racking per- 
formance. Houkll has developed a model 
f o r  t h e  motor control system and Navas9 
has appl ied i t  t o  manual t racking.  We 
hope t o  incorporate the i r  work i n  our 
model a t  some fu tu re  t i m e .  

7. Prediction and Compensation. Two 
kinds of  predict ion appear t o  play an i m -  
po r t an t  r o l e  I n  manual con t ro l  systems. 
One kind i s  a form of p a t t e r n  recogni t ion 
and reproduction i n  which the human opera- 
t o r  reproduces some f a i r l y  complex t a r g e t  
course t h a t  he has learned. T h i s  kind of 
operat ion i s  very important, but  w e  a r e  
not y e t  prepared t o  dea l  w i t h  it. 

The second kind of p red ic t ion  i s  
based upon perception of e r r o r  and e r r o r  
r a t e ,  which a r e  basic perceptual quant i -  
ties. It has been shown i n  continuous in -  
put t racklng s tudies  t h a t  t h e  r e l a t i v e  
::eiPhtiw r;iven t o  e r r o r  and e r r o r  r a t e  
i n  determlning the response depend upon 
the input  s i g n a l  c h a r a c t e r i s t i c s  and the 
con t ro l l ed  element dynamics. Results 
from contincous tracking s t u d i e s  and the  
t racking records of Fig. 3 i n d i c a t e  t h a t  
we should not  assume wi th  Yocng tha t  e r r o r  
r a t e  d r ives  only the p u m u i t  channel and 
e r r o r  only the saccadic. channel. For t he  
nand yrctcrn it aF,pe?rc t k ? t  the  :!ei&hted 
sum of C?TT a:(’ cx-c)? l a t e  appear t o  
6:-i;lc th3 s?-cc:.:iic: n;:stcr ,in2 t h e  p.,ir- 
s u i t  system. Both the  r e l a t i v e  weighting 
of e r r o r  and e r r o r  r a t e  and the  type of 
force program u s e d  determine the l ead  o r  
l ag  compensation t h a t  the  c o n t r o l l e r  e m -  
ploys t o  s t a b i l i z e  and optimize t h e  con- 
t r o l  systerr. We discuss t h i s  very impor- 
t a n t  quest ion of  Compensation i n  d e t a i l  
a f t e r  we have presented and descr ibed the  
proposed model, which we do next. 

C. Flow D i a K r a m  of Proposed Hand Track- 
l.nfLuodel 

The s i g n a l  flow diagram f o r  t he  model 
i s  i n  Pig.  7. It is  very s i m i l a r  t o  
Young’s model i n  i t s  two-channel s t r u c t u r e  
and t o  the  Lemay-blestcott model i n  i t s  
r ep resen ta t ion  of the  force program and 
muscle-hand dynamics. It  d i f f e r s  from 
both of these models i n  a number of impor- 
t a n t  respects .  

Estimation of error ra te  i s  obtained 
by d i r e c t  d i f f e r e n t i a t i o n  of t he  e r r o r  t o  

r e f l e c t  the f a c t  that  v e l o c i t y  es t imat ion 
i s  a primary perceptual  quant i ty .  There 
should probably be some low-pass f i l t e r i n g  
of t he  e r r o r  r a t e  s i g n a l ,  bu t  we have omit- 
t e d  i t  f o r  s impl i c i ty .  Both the  e r r o r  
rate and e r r o r  are sampled by two pe r iod ic  
synchronized samplers M which w e  assume t o  
ope ra t e  with a sampling i n t e r v a l  of 0.3 
second when t h e  system i s  a c t i v e  and re- 
sponses are being made. When the human 
c o n t r o l l e r  i s  quiescent  and waiting f o r  a 
s i g n a l  ( s t e p  or ramp, f o r  example) t o  
occur the  sampling i n t e r v a l  i s  0.15 second. 
T h i s  accounts f o r  t h e  observed spread i n  
r eac t ion  times t o  such s i g n a l s .  We have, 
however, omitted t h e  a d d i t i o n a l  delay that  
appears necessary t o  account f o r  t h e  long 
r eac t ion  times observed wi th  s t e p  inputs .  
T h i s  delay does not appear i n  t r ack ing  
continuous s igna l s .  The doubling of t he  
sampling i n t e r v a l  when t h e  c o n t r o l l e r  i s  
a c t i v e  is  a t t r i b u t e d  t o  a r e f r a c t o r y  mech- 
anism. The 0.3 second i n t e r v a l  would a l s o  
account f o r  t he  sampling peak a t  about 1.5 
cps found i n  system descr ibing funct ions 
when continuous s i g n a l s  a r e  being tracked. 
The delay i n  both channels Is 0.15 second, 
one-half t he  sampling i n t e r v a l ,  which 
corresponds t o  observed delays i n  continu- 
ous t racking.  The memory i s  provided by a 
p o s i t i v e  feedback w i t h  delay of one-quar- 
t e r  t he  sampling period. T h i s  loop pro- 
duces a t r a i n  of impulses  when a non-zero 
sample of 6 i s  obtained as shown a t  the 
bottom of Fig. 7. T h i s  impulse t r a i n  i s  
operated on by the fo rce  program. I f  k 
i n  t h e  fo rce  program i s  zero,  t h e  pursufg 
channel impulse t r a i n  produces a p a i r  of 
eqcal  and opposi te  r ec t angu la r  pulses  
which d r i v e  t h e  hand dynamics as shown a t  
t h e  bottom of Fig. 7. If k f l  i s  zero, two 
p a i r  of eqcal  and opposi te  impulses are 
produced as shown i n  Fig. 7. By varying 
t h e  parameters k f l  and kf2, t h e  model can 
be made t o  e x h i b i t  t he  same kind of change 
i n  cha rac t e r  of i t s  response as does the  
human c o n t r o l l e r  when the  o rde r  of t he  
con t ro l l ed  element dynamics i s  increased.  
Decreasing k f l  and increasing kf 2 Pro- 
vides l ead  compensation. Lead compensa- 
t i o n  i s  a l s o  obtained through adjustment 
of t he  cross-coupling parameters and 
hp and the  ga in  parameters kp and ks. 

Ne know from s t ud ie s  of cont inuous 
t racking t h a t  when the con t ro l l ed  element 
is  a simple ga in ,  Yc(s)=K, the human con- 
t r o l l e r  tends t o  make h i s  response rate 
proport ional  t o  e r r o r  magnitude. I n  such 
a case ,  t h e  e r r o r  magnitude would d r ive  
the  p u r s u i t  system which i n  t u r n  con t ro l s  
the r a t e  a t  which the hand moves. The 
lead compensation parameters would a l l  be 
zero except . The f o r c e  program para- 

movements would be mostly of t h e  smooth 
kind seer. i n  t he  t r ack ing  of ramps. I n  
Fig. 3a i s  an example of a t r ack ing  record 

meters would % e k f l = l  and kf2=0. Hand 

146 



from a wel l - t ra ined sub jec t  exh ib i t i ng  
these c h a r a c t e r i s t i c s .  

I f  Yc(s)=K/s, we would expect t h a t  
human c o n t r o l l e r  output would tend t o  be 
proport ional  t o  e r r o r  magnitude. There- 
f o r e ,  t he  e r r o r  magnitude should d r ive  the 
saccadic system and the pu r su i t  system 
should be r e l a t i v e l y  inac t ive .  T h i s  cou ld  
be accomplished by making a l l  lead compen- 
s a t i o n  constants  zero except ks. The 
fo rce  program would s t i l l  be tne  same as 
f o r  Y ( s ) = K ,  but t h e  hand movements would 
tend go be composed of saccades as shown 
i n  the  t racking record of Fig. 3b. 

If Yc(s)=K/s2, t h e  human c o n t r o l l e r  
must provide l ead  i n  o rde r  t o  s t a b i l i z e  
the system. T h i s  he can do by using e r ro r  
rate t o  d r ive  t h e  saccadic system and keep- 
ing the same fo rce  program. Alternat ively,  
he could change the  fo rce  program so that 
kfl=O and kf2 i s  a constant ,  and d r ive  the 
saccadic  system with e r r o r  magnitude. We 
s e e  examples of  both types of behavior in  
t h e  t r ack ing  records. I n  the  t racking 
record of Fig. 8, the c o n t r o l l e r  apparent- 
l y  used e r r o r  r a t e  t o  d r i v e  t h e  saccadic 
system. I n  the  record of Fig. 3c, t h e  
c o n t r o l l e r  adopted t h e  s t r a t e g y  of chang- 
i n g  h i s  fo rce  program t o  produce responses 
composed of  a s e r i e s  of s h o r t  pulses  using 
e r r o r  as t h e  p r i n c i p a l  i npu t  t o  the sacca- 
d i c  system. This record was produced 
af ter  considerable  t r a i n i n g  during which  
t he  c o n t r o l l e r  adopted t h e  s t r a t e g y  of 
changing h i s  fo rce  program t o  produce pul- 
s e s .  Ea r ly  i n  h i s  t r a i n i n g  he used the 
normal f o r c e  program with e r r o r  rate input. 
Fig. 8 i s  a t y p i c a l  example of t h i s  mode 
of  behavior. 

Note t ha t  feedback of p red ic t ed  re- 
sponse i s  not  necessary i n  t h e  model, as 
was t h e  case  f o r  the Lemay-Glestcott model 
s i n c e  a sample of the e r r o r  i s  not  taken 
u n t i l  the  previous response is  completed. 
Also, i t  is not necessary t o  follow Young's 
procedure of including i n  the model spec- 
i a l  provis ions t o  prevent t he  p u r s u i t  sys- 
t e m  from responding t o  e r r o r  r a t e s  pro- 
duced by the  saccadic system. By making 
t he  sampling i n t e r v a l  equal t o  t h e  sum of 
r e a c t i o n  time and movement time, t he  sacca- 
des are completed before  e r r o r  r a t e  I S  
sampled. 

ADplication t o  T i m e - V a r y i n g  
Sss t ems 

A. The Problem 

Consider the following s i t u a t i o n .  
The human c o n t r o l l e r  is  t racking i n  a one- 
dimensional compensatory con t ro l  system i n  
which t h e  c o n t r o l l e d  element Yc ( 9 )  changes 
suddent ly  i n  an unpredictable  way. yc(S) 
i s  of three d i f f e r e n t  forms: +K, + K / S  and 

I +K/s2 where K can t a k e  on any of  s eve ra l  
d i f f e r e n t  values.  The c o n t r o l l e r  i s  fami- 
l i a r  w i t h  a l l  of these dynamics and has 
been t r a i n e d  t o  t r a c k  them a11 p r o f i c i e n t -  
l y .  His t a s k  i s  t o  t r a c k  the  inpu t  s i g n a l  
which i s  a low-frequency (bandwidth 1.5 
rad/sec) gaussian-l ike s i g n a l  and when a 
change i n  dynamics occurs he presumably 
w i l l  change h i s  own c h a r a c t e r i s t i c s  t o  
compensate f o r  t he  changes I n  system char- 
a c t e r i s t i c s .  

The problem of i n t e r e s t  t o  u s  is t o  
develop a model which w i l l  p r e d i c t  the 
na tu re  of the human o p e r a t o r ' s  adap ta t ion  
t o  these changes i n  system dynamics. The 
model w e  develop is  an extension of t h e  
t ime-invariant  model f o r  hand t r ack ing  
shown i n  Fig. 7. 

B. Features of an Adaptive Model 

Let us desc r ibe  i n  a q u a l i t a t i v e  way 
the  p r i n c i p a l  f e a t u r e s  of human adaptat ion 
t o  changes i n  Yc(s).  I n  Fig. 9 i s  a typ i -  
c a l  t racking record showing adap ta t ion  t o  
a chaqje i n  dynamics from Yc(s)=8/s2 t o  
=-16/~ . The t r a n s i t i o n  i n  dynamics occurs 
a t  time to. A t  the time of the t r a n s i t i o n  
t h e  e r r o r  is  small and the output v e l o c i t y  
i s  w e l l  matched t o  tha t  of t h e  input  s i g -  
n a l  f o r  the next second. During t h i s  
per iod the  c o n t r o l l e r  makes about two 
l a r g e  co r rec t ive  movements, bu t  he does 
no t  d e t e c t  t he  f a c t  that the dynamics have 
changed. The e r r o r  a t  t r a n s i t i o n  is 
s l i g h t l y  negative and the c o n t r o l l e r s '  
movements a r e  such t h a t  they would have 
reduced t h i s  negat ive e r r o r  had t h e  dynam- 
i c s  not  changed. Because of t he  change i n  
the p o l a r i t y  of the dynamics, these cor- 
r e c t i v e  movements i n s t e a d  tend t o  make t h e  
e r r o r  more negat ive,  but  the inpu t  during 
t h i s  t i m e  i s  slowing down and more than 
compensates f o r  t h i s  negat ive tendency i n  
the  e r r o r .  I n  f a c t ,  t h e  change i n  inpu t  
v e l o c i t y  causes t h e  e r r o r  t o  d r i f t  toward 
zero,  thus giving t h e  c o n t r o l l e r  t he  l m -  
pres s ion  that h i s  movements are appropri-  
ate t o  the  system dynamics. A s  t he  inpu t  
slows down even more, the e r r o r  goes 
through zero and takes a p o s i t i v e  value a t  
time t o + l . O  second, and the  c o n t r o l l e r  
makes a small p o s i t i v e  pu l se - l ike  movement 
s t a r t i n g  from a negat ive base l i n e  so that  
i ts  e f f e c t  is t h a t  of a negat ive movement. 
He s t i l l  has not recognized tha t  t he  sys- 
tem dynamics have changed and t h i s  last  
movement causes an inc rease  i n  e r r o r  rate. 
The c o n t r o l l e r  makes another  movement i n  
the  same d i r e c t i o n  and makes t h e  e r r o r  
l a r g e r .  He then ( a t  time t0+1.7) r e a l i z e s  
t ha t  the dynamics have changed and moves 
t h e  s t i c k  hard over  i n  the opposi te  d i r ec -  
t i on .  By time t +4, t he  c o n t r o l l e r  has 
recovered from h?s previous mistakes and 
has the system more o r  less under con t ro l .  
He s t i l l  has  not completely ad jus t ed  h i s  
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ga in  f o r  t h e  movements i n  the neighborhood 
of t0+4 appear too large. Several  more 
seconds are required f o r  t he  amplitude of 
movement t o  be adjusted downward. 

I n  Fig. 10 are  descr ibing funct ions 
f o r  t he  r e l a t i o n  between e r r o r  and s t i c k  
displacement t h a t  were computed from suc- 
cessive f i v e  second segments of these s i g -  
n a l s  preceding and following a change i n  
Y c ( s )  from -4/s2 t o  +8/s2. These descr ib-  
ing funct ions were obtained using a mult i -  
p l e  r eg res s ion  anal s i s  method described 
i n  previous papers.92-13 

The describing funct ions i n  Fig. 10 
a r e  f o r  the same kind of t r a n s i t i o n  as the  
time t r a c i n g s  i n  Fig. 9 - a ga in  doubling 
and a p o l a r i t y  change. For the f i v e  sec- 
ond per iod receding t h e  t r a n s i t i o n  
( to-5 t o  toy t h e  describing funct ion ex- 
h i b i t s  low-frequency l e a d  t h a t  is evident 
i n  both the amplitude r a t i o  and t h e  phase. 
For the f i v e  second per iod start ing a t  
to+3 t h e  phase has been reduced by 180 de- 
grees  r e f l e c t i n g  the f a c t  t h a t  the con t ro l -  
l e r  has de tec t ed  the change i n  p o l a r i t y  of 
system g a i n  and has reversed the d i r e c t i o n  
of  h i s  movements. There i s  some lead com- 
pensat ion evident  i n  both amplitude r a t i o  
and phase, b u t  not as much a s  before.  The 
amplitude r a t i o  has been reduced by 9 o r  
1 2  db, i n d i c a t i n g  tha t  t h e  c o n t r o l l e r  has 
over-compensated f o r  t h e  6 db inc rease  i n  
the g a i n  of Y (s) .  For the next f i v e  sec- 
ond per iod,  tfie one beginning a t  to+8, t he  
c o n t r o l l e r  has increased h i s  ga in  so  t h a t  
t o t a l  forward loo  amplitude r a t i o  (con- 
t r o l l e r  plus  Yc(sp) i s  about t he  same as 
i t  was before  the t r a n s i t i o n .  He a l s o  
added a l i t t l e  phase advance so  that  t h e  
t o t a l  forward loop phase c h a r a c t e r i s t i c s  
are nea r ly  t h e  same as before t h e  t r a n s i -  
t i o n .  

Figures 9 and 10 i l l u s t r a t e  a number 
of important aspects of  human adaptat ion 
t o  v a r i a t i o n s  i n  control led element dynam- 
i c s .  F i r s t  the  c o n t r o l l e r  must d e t e c t  t he  
f a c t  t h a t  t he  system has changed i t s  char- 
a c t e r i s t i c s  and i d e n t i f y  the  change before  
he makes a major compensatory change i n  
h i s  c h a r a c t e r i s t i c s .  Then he must s t ab i l -  
i z e  the  closed-loop system by making appro- 
p r i a t e  changes i n  h i s  c h a r a c t e r i s t i c s .  He 
then reduces accumulated e r r o r s .  F ina l ly ,  
he a d j u s t s  h i s  c h a r a c t e r i s t i c s  t o  optimize 
system performance. 

1. Detection. Detection of a 
chame  i n  Y , ( s )  i n  a compensatory t racking ” .  . 
task-appears t o  be based- simply upon t h e  
behavior of t he  error.  It does not appear 
t o  involve more elaborate model matching 
o r  c o r r e l a t i o n  techniques. Each movement 
tha t  t he  c o n t r o l l e r  makes should reduce 
the e r r o r  o r  a t  l ea s t  decrease i t s  rate of 
increase.  When several  movements i n  suc- 
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cession l ead  to  an inc rease  i n  e r r o r ,  t h a t  
i s  good i n d i c a t i o n  t h a t  the dynamics have 
changed. 

The time a t  which de tec t ion  takes  
place cannot be determined d i r e c t l y ,  The 
b e s t  w e  have been able t o  do i s  t o  de t e r -  
mine the  point  a t  which the c o n t r o l l e r  
s tarts t o  t r a c k  d i f f e r e n t l y  from h i s  
t racking before  the  change. The i n t e r v a l  
between t h i s  time and the  time of t h e  
change i n  dynamics w e  c a l l  d e t e c t i o n  t i m e .  
The d e t e c t i o n  t i m e  i n t e r v a l  thus includes 
some time which i s  r e a l l y  devoted t o  iden- 
t i f i c a t i o n  of system dynamics. Detection 
times were obtained from time t r a c i n g s  of 
i npu t ,  e r r o r ,  s t i c k  movement and output  
such as Fig. 9. 

It appears t h a t  t he  d e t e c t i o n  process 
can be represented by a very simple nodel 
cons i s t ing  of a threshold d e t e c t i o n  pro- 
cess operat ing on t h e  t r ack ing  e r r o r .  The 
threshold i s  set  t o  t h r e e  times t h e  s tand-  
ard dev ia t ion  of t h e  t racking e r r o r .  When- 
ever  t h e  e r r o r  exceeds 3a, a change i n  
system dynamics i s  assumed t o  have occur- 
red. After d e t e c t i o n  the  c o n t r o l l e r  pre- 
sumably has t o  nake a t  least  one movement 
t o  determine what c h a r a c t e r i s t i c s  the sys -  
tem now possesses so t h a t  he can change 
h i s  mode of response. 

I n  Table I a r e  given average values  
f o r  s eve ra l  d i f f e r e n t  changes i n  Yc(s) of  
t h e  elapsed time between the po in t  a t  
which the e r r o r  exceeds the 3a value (when 
the model would d e t e c t  the change i n  dy- 
namics), and the  po in t  a t  which the  con- 
t r o l l e r  changes h i s  response behavior,  
which po in t  we have used as t h e  t i m e  of 
detect ion.  The average value f o r  t h i s  i n -  
t e r v a l  i s  approximately 0.5 second. Eighty 
p e r  cen t  of t h e  observed i n t e r v a l s  a r e  be- 
tween 0.3 and 0.6 second. An i n t e r v a l  of  
0.5 second i s  long enough f o r  an average 
of one-and-one-half movements t o  two move- 
ments. A t  the end of t h i s  i n t e r v a l  the 
c o n t r o l l e r  has made a t  l e a s t  a p a r t i a l  
i d e n t i f i c a t i o n  of the new system dynamics. 

2. I d e n t i f i c a t i o n .  Once a change 
i n  dynamics has been de tec t ed ,  the f irst  
t a s k  of the c o n t r o l l e r  i s  t o  g e t  t he  sys-  
t e m  under c o n t r o l ,  t h a t  i s ,  t o  g e t  it t o  
a stable operat ing condi t ion.  To do so, 
the c o n t r o l l e r  must i d e n t i f y  c e r t a i n  as- 
p e c t s  of the change i n  dynamics. For t h e  
kind of dynamics t h a t  we are concerned 
with,  Y c e K ,  +K/s, and +K/s2, t h e  i d e n t i -  
f i c a t i o n  problem is  one of determining 
the p o l a r i t y ,  o r d e r  and g a i n  of the con- 
t r o l l e d  element. 

We have pos tu l a t ed  a number of simple 
mechanisms f o r  i d e n t i f i c a t i o n  of t hese  
dynamics. One such mechanism i s  composed 
of t h r e e  simple tests on the e r r o r  s i g n a l ,  
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each of which involves comparison of e r r o r  
and i t s  rates of change w i t h  s t i c k  move- 
ment. The c o n t r o l l e r  can perceive d i r ec t -  
l y  the change i n  e r r o r ,  A e ,  and i n  error 
ve loc i ty ,  be,, r e s u l t i n g  from a s t i c k  move- 
ment hr. He can determine the  change In 
e r r o r  a c c e l e r a t i o n  A: from successive sam- 
p l e s  of  error veloci ty .  We assume that  
the c o n t r o l l e r  knows what s t i c k  movement 
A r  he has made. 

The i d e n t i f i c a t i o n  procedure i s  t o  
compute the three r a t i o s :  A e / A r ,  A & / A r ,  
A z / A r .  The f irst  r a t l o  w i l l  change sign 
whenever t h e r e  is a p o l a r i t y  change. If 
t h i s  r a t i o  is approximately constant  then 
t h e  dynamics are Yc(s)=K. S imi l a r ly ,  i f  
the second o r  t h i r d  r a t i o s  a r e  a proxi- 
mately constant  y C ( s ) = v s  o r  ~ s s ,  respect-  
ively.  The tnagnitude of these constants 
determines the ga in  of the system. It is 
important t o  note  that the I d e n t i f i c a t i o n  
process t h a t  we  are discussing takes  place 
w i t h  r e l a t i v e l y  large s t i c k  movements and 
l a r g e  changes i n  e r r o r .  Hence, t he re  
should be l i t t l e  masking introduced by the 
inpu t  s i g n a l  o r  by errors i n  estimating 
the e r r o r  and s t i c k  movement. 

c l e a r l y  the  f irst  property of Yc(s) t o  
e s t a b l i s h  s i n c e  a n  uncompensated reversal  
o f  p o l a r i t y  r e s u l t s  i n  a p o s i t i v e  real 
closed-loop po le  and, t he re fo re ,  an ex- 
ponen t i a l  divergence. I n  a l l  records of 
t r a n s i t i o n s  involving a p o l a r i t y  change 
and a change i n  g a i n  o r  o rde r ,  t he  polar- 
i t y  i s  the f irst  c h a r a c t e r i s t i c  of t h e  
c o n t r o l l e r ' s  response t o  be changed. Th i s  
is  almost always done by the t i m e  that  we 
have designated as detect ion.  Compensa- 
t i o n  f o r  changes i n  g a i n  and order  fre- 
quent ly  appear t o  be done concurrently,  
although t h e r e  i s  some i n d i c a t i o n  that  t h e  
g a i n  i s  the las t  parameter t o  be adjusted,  
b u t  t h i s  cannot be determined unequivocal- 
l y  from o u r  data. I n  Fig. 8, f o r  example, 
w e  see t h a t  t h e  c o n t r o l l e r  has  s t a r t e d  t o  
make the p u l s a t i l e  movements character ls-  
t i c  of t r ack ing  with Yc(s)=K/s2 before  he  
has  made the  f i n a l  adjustment of gain.  

Thus, by operat ing on t h e  e r r o r  sig- 
n a l  a lone  and comparing de r iva t ives  of t h e  
e r r o r  s i g n a l  w i t h  the s t i c k  response, it 
Is poss ib l e  t o  i d e n t i f y  a l l  t he  changes i n  
dynamics t h a t  w e  have invest igated.  These 
ope ra t ions  can be incorporated i n  the mod- 
e l  of Fig. 7, w i t h  feedback t o  the pararn- 
e t e r s  of  t h a t  model t o  a d j u s t  them t o  the 
proper values.  The adjustnent  procedure 
has no t  y e t  been determined, but t h e  
following i s  a reasonable procedure: (1) 
if the  p o l a r i t y  has changed, reverse  the 
p o l a r i t y  of kfl and kf2 i n  the fo rce  pro- 
gram. I f  the o rde r  has changed, ad jus t  
the lead compensation constants  and t h e  
fo rce  program constants  so tha t  they are 

3. S t a b i l i z a t i o n .  Po la r i ty  i s  
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appropr i a t e  t o  t h e  new dynamics. The 
appropr i a t e  values of these constants  are 
presumably known t o  the c o n t r o l l e r  s i n c e  
he is well- t ra ined i n  the c o n t r o l  of a l l  
of the t h r e e  types of  Y c ( s ) .  Adjustment 
of g a i n  would be accomplished by multiply- 
ing  k f l  and kf2 by the inve r se  of the 
appropr i a t e  r a t i o ,  A e / A r ,  At5/4r, Ae/4r. 

!4e can se t  an e s t ima te  of the time t o  
s t a b i l i z e  t h e  system. I n  Table I1 are 
given the times a t  which peak e r r o r  occur- 
red f o r  a number of d i f f e r e n t  t r a n s i t i o n s .  
S t a b i l i z a t i o n ,  i n  gene ra l ,  w i l l  have been 
accomplished p r i o r  t o  the time of peak 
e r r o r .  I n  the experiments i n  which these 
data were obtained, f o u r  condi t ions were 

a. Alerted, c e r t a i n  (AC) i n  which the  
sub jec t s  had f i v e  sets of 15 o r  16 pairs 
of t r a n s i t i o n s  t o  and from the base condi- 
t i o n  of Yc(s)=8/s2. 
t r a n s i t i o n s  were made t o  the same al ter-  
nate  Y c ( s )  so t h a t  the sub jec t  was c e r t a i n  
about t he  na tu re  of the t r a n s i t i o n .  I n  
add i t ion ,  t h e r e  was a 1000-cps audio 
alerting s i g n a l  p re sen t  while the a l ter-  
n a t e  dynamics were i n  e f f e c t .  and whi te  
noise  i n  the base condi t ion.  

b. Not-alerted, c e r t a i n  (NC) i n  which 
the whi te  noise  was p resen t  a l l  t he  time, 
bu t  otherwise the  sets of t r a n s i t i o n s  were 
as i n  (1) above. 

c .  Alerted,  unce r t a in  ( A U )  i n  which the  
t r a n s i t i o n s  i n  the  run could be t o  any one 
of a t  l e a s t  1 2  d i f f e r e n t  Y c ( s ) ,  bu t  the 
1000-cycle tone was present  t o  t e l l  t h e  
sub jec t  t ha t  some t r a n s i t i o n  had occurred. 

d. Not-alerted, unce r t a in  (NU) where 
t h e  t r a n s i t i o n  was as i n  ( c j ,  but  t h e  
whi te  noise  was present  throughout, and 
the sub jec t  had no i n d i c a t i o n ,  o t h e r  than 
through h i s  t racking performance, t h a t  a 
t r a n s i t i o n  had occurred. 

i nves t iga t ed  f o r  each change i n  Y c ( s ) :  1 

I n  each s e t  a l l  

We s e e  i n  Table I1 tha t  the average 
time of peak e r r o r  va r i e s  between .7 and 
1.0 second. If' we s u b t r a c t  t he  de t ec t ion  
times from the peak e r r o r  ,times, w e  ob ta in  
an average i n t e r v a l  between de tec t ion  and 
s t a b i l i z a t i o n  (peak e r r o r )  of  about 0.25 
second. Remembering t h a t  the observed 
d e t e c t i o n  time includes a period of about 
0.5 second time devoted t o  i d e n t i f i c a t i o n ,  
w e  f i n d  tha t  s t a b i l i z a t i o n  occurs about 
0.8 second a f t e r  the e r r o r  exceeds thresh-  
o ld .  T h i s  i s  s u f f i c i e n t  t i m e  f o r  about 
t h r e e  iden t i fy ing  movements t o  ob ta in  the 
data  f o r  the th ree  tests required t o  
i d e n t i f y  system c h a r a c t e r i s t i c s .  

Although t h e  peak e r r o r  times i n  
Table I1 f o r  the c e r t a i n  condi t ions are 
l e s s  than those f o r  t he  unce r t a in  condi- 

, 



t i o n s ,  t h e  d i f fe rences  a r e  not s i g n i f i c a n t .  
For some of t h e  t r ans i t i ons  t h e  peak e r r o r  
times f o r  t h e  a l e r t ed  c e r t a i n  condi t ion 
art? s i g n i f i c a n t l y  sho r t e r  than t h e  non- 
alerted ce r t a in .  

"he very shor t  peak e r r o r  times i n  
Table I1 imply t h a t  when the  c o n t r o l l e r  i s  
wel l - t ra ined  a t  cont ro l l ing  a l l  the dynam- 
i c s  wi th  which he  w i l l  be presented,  he 
can make very rapid changes i n  h i s  own 
c h a r a c t e r i s t i c s  t o  s t a b i l i z e  t h e  system. 
It appears t h a t  once he has i d e n t i f i e d  the  
system dynamics he can switch h i s  mode of 
behavior suddenly from one form t o  another .  
A t  t h i s  s t a g e  of the adapta t ion  process ,  
he does not  a d j u s t  h i s  c h a r a c t e r i s t i c s  
gradual ly .  Gradual adjustment may take 
p lace  when he is optimizing h i s  charac te r -  
i s t i c s .  

4. Er ror  Reduction Times. I n  Table 
I11 are the  times to reduce the  accumu- 
l a t e d  e r r o r  t o  a c r i t e r ion .  The c r i t e r i o n  
was t h a t  t h e  e r r o r  had t o  reach less than 
20 of t h e  f u l l y  adapted t rac ldng  e r r o r  and 
remain t h e r e  f o r  a t  least one second. This 
c r i t e r i o n  agreed i n  most cases  with the  
sub jec t ive  est imates  of when the  sub jec t  
had ad jus ted  t o  the new condi t ions  and 
achieved good performance. The data i n  
Table I11 are from the  same experiment a s  
those  i n  Table 11. 

The e r r o r  reduction times a r e  between 
two and three seconds. The e f f e c t s  of 
a l e r t i n g  and c e r t a i n t y  f o r  reducing t h e  
e r r o r  reduct ion times a r e  evident  i n  these  
r e s u l t s .  The a l e r t e d  c e r t a i n  times are 
s i g n i f i c a n t l y  sho r t e r  than the non-alerted 
Cer ta in  times. The a l e r t e d  c e r t a i n  times 
are s h o r t e r  than  the a l e r t e d  uncer ta in  and 
the  non-alerted uncertain t imes,  but  t h e  
d i f f e rences  a r e  not s i g n i f i c a n t .  The sam- 
p l e  s i z e  f o r  t h e  uncertain condi t ions was 
small (three samples/subject) .  

Conclusions 

The models we suggest i n  t h i s  paper 
a r e  t e n t a t i v e  and s t i l l  i n  the process of 
eva lua t ion .  They contain many s impl i f ica-  
t i o n s  and approximations and cannot be ex- 
pected t o  represent  human c o n t r o l l e r  char- 
a c t e r i s t i c s  accura te ly  i n  a l l  s i t u a t i o n s .  
They do, however, provide a framework f o r  
experimentation by providing a means f o r  
pred ic t ing  human con t ro l l e r  response char- 
a c t e r i s t i c s  i n  spec i f i c  testable s i t u a -  
t i ons .  We are i n  the process of doing 
f u r t h e r  t e s t s  of these models and expect 
t h a t  they w i l l  need considerable  nodif ica-  
t i o n  and e labora t ion  i n  order  t o  be con- 
s i s t e n t  with t he  r e s u l t s  obtained from 
these  tests. 

The model of Fig. 7 i n  i t s  present  
form Is e a s i l y  simulated and wi th  s u i t a b l e  

150 

approximation can be manipulated analy- 
t i c a l l y .  We do not  expect t h a t  our  pres-  
e n t  s t u d i e s  w i l l  l e a d  t o  s impler  models, 
because the  human ope ra to r  i s  not  a simple 
mechanism. However, w e  do expect t h a t  t h e  
models t h a t  r e s u l t  w i l l  no t  be d i f f i c u l t  
t o  simulate.  A s  such they  should be use- 
f u l  a s  a means of understanding and pre- 
d i c t i n g  human c o n t r o l l e r  behavior.  
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Table I 
Time t o  Detect Lame Errors  

Trans I tm 
a i s 2  + wS2 
a i s 2  -+ -ws2 
ws2 -+ -a is  
8 / s 2  -+ h / s 2  
a i s 2  -+ - 4 i S 2  
a i s 2  + 2 i s 2  
a l s 2  + -2 is2  
a i s 2  -* 16/s 

a i s 2  -+ a 

a i s 2  + 4 

2 

3 / s 2  -+ -16/s 

8/s2 -+ -8 

Average 

Average Time Between 
Er ro r  i 3a and Detection 

s E L  - 
.5 
.4 
- 5  
- 5  
- 5  
.6 
- 5  
.6 
.4 
.6 
.8 
.4 

.5 

+11. Systems," Guarterly Progress Report 
No. (54, Research Laboratory of Llectronics, 
).IT, Cambridge, Mass. (July 1962) 
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Table I1 

Time of Peak Error 
( s e c )  

Condition 
AC* NC* AU** NU** -- Transit-ion 

+ais2 -+ - w S 2  1.12 1.40 2.32 1.55 
+8/s2 -+ +16/s2 1.08 1.34 1.53 1.53 
+8 /s2  -+ - 1 6 / ~  0.59 0.73 0.92 0.95 
+8/s2  + +16/s 0.53 0.59 0.55 0.93 
+ais2 + +4 0.19 0.30 0.25 0.26 

4 
0.72 0.87 1.01 1.04 Mean Peak Er ro r  

Mean Pea*c Error- 0.17 0.10 0.33 0.41 Detection Time 

* Average of 10 runs on each of two 

** Average of 3 runs on each of two 
s u b j e c t s  

sub jec t s  

-- -I ---.------ --_- - -- -II_ 

- 
Table 112 

Erro r  Reduction Time 
( sec  ) 

Co nd i  ti o n -- 
T r a n s i t i o n  AC* NC* AU NU 
+ais2 -+ - 1 6 1 ~ ~  3.35 4.15 4.75 6 .1  
+a/s2 -+ + w S 2  2.35 3.94 4.5 3.1 
+a/s2 + -wS 1.i.3 2.82 2.9 2.8 
+wS2 + +16/s 1.77 1.83 1.8 2.4 
+a is2  + +4 1.04 0.99 1.3 0.85 

Mean 2.06 2.75 3.04 3.06 

* Average of 10 runs on each of  two 

** Average of 3 runs on each of two 

p - 7  

s u b j e c t s  

sub jec t s  
--.- 
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Figure 1 (a)  Young eye movement model and 
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' 0  I SECONDA c 
(a )  Controlled element Y ( s ) = 2 .  A t  t i m e  to Y c ( s )  

changed from +8 t o  +so 

(b) Yc(s)=4/s. A t  to Y c ( s )  changed from +8 t o  +)+/so 

INPUT 
4ND 
RESPON! 

A 
r 

2cm 

S T I C K  

2 r m  
L 
r 

ERROR 

' 0  

(c )  Yc(s )=8 / s2 .  A t  to Y c ( s )  changed from -4/s* t o  

Figure 3 Tracking records:  
+8/s *. 
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-0.1 0 0.1 0.2 0.3 0.4 0.5 
D E L A Y  ( s e c )  

Figure 4 Eye and hand movement r eac t ion  times d i s t r i b u t i o n s  
t o  random step inputs (from Okabe, e t  a1).7 

INPUT E R R O R  
W 

0 0 

RESPONSE 
6 W W W w 

3 0 3  

v) 

m 0 
0 z 
0 

Figure 5 Records of hand t racking  of  ramps. 
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ERROR 

1 

f 
2 

INPUT 

S T I C K  
AND 
RESPONSE 

-7 
2 

RESPONSE 
RATE 

k 1 SECOND 

Figure 6 Records of hand t r ack ing  of a parabola .  
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GAINS 8 

8 
I 
1 

L E A D  FORCE HAND CONTROLLED 
SAMPLER COMPEN DELAY MEMORY PROGRAM DYNAMICS ELEMENT 

Figure 7 Proposed hand t racking model. 

I N P U T  
AND 
RESPONSE 

1 
7- 
2cm 

S T I C K  

I cm 
I 
t 

ERROR 

I  SECOND^ I- t, 

Figure 8 Tracking record for Y c ( s ) = K / s 2  showing saccadic  
movements. A t  to Y c ( s )  changed from +2 t o  -8/s2. 
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Figure 9 Tracldng record for a change i n  Y c ( s )  from +8/s2 
t o  -16/~*. The charge occurs a t  to. 

158 



18 

12 

6 

0 

- 6  

-12 

A R d b  

18 

12 

6 

0 

-6 

-12 

A R d b  

18 

12 

6 

0 

- 6  

- I  2 

A R d b  

PHASE 
P H A S E  4 -  135 DEGREES 

- 180 

- 235 

t i 

PHASE 

t 0 + 3 - + t  +8  
PHASE 
DEGREES 0 - - -  I35 

--- 180 

- - -  235 

to  - 5 -* to 

t o + 8 +  to+13 
PHASE 
DEGREES -.- I35 

118 1/2 2 4 

w rad /sec  
Figure 10 Bode p l o t s  of human c o n t r o l l e r  descr ibing func t ions  

obtained from successive f i v e  second samples of 
error and s t i c k  s i  n a l s  before  and after a change 
i n  Y c ( s )  from -4/s 5 t o  +8/s2 .  
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111. STUDIES OF MULTI-AXIS CONTROL SYSTEMS 

We have begun a s e r i e s  of experiments t o  determine how 
human operator  cont ro l  c h a r a c t e r i s t i c s  i n  mult i -axis  cont ro l  
systems d i f f e r  from those i n  s ingle-axis  cont ro l  systems, 
and t o  determine the  extent t o  which the  descr ibing funct ion 
models developed f o r  s ingle-axis  cont ro l  apply t o  t he  mult i -  
a x i s  s i t u a t i o n .  If w e  accept the  model f o r  t h e  human 
c o n t r o l l e r  proposed by Senders' i n  which t h e  human behaves 
as a time-shared cont ro l le r ,  then we would expect t ha t  the 
add i t ion  of a second ax i s  t o  a s ingle-axis  cont ro l  task 
would a l t e r  t h e  human opera tor rs  c h a r a c t e r i s t i c s  i n  the  f i rs t  
axis. This  change i n  cha rac t e r i s t i c s  would r e s u l t  i n  an i n -  
c rease  i n  t racking e r r o r  and perhaps i n  a negat ive cor re la -  
t i o n  of t he  e r r o r  s igna l s  i n  the  two channels. The cor re la -  
t i o n  is due t o  the f a c t  that when the  c o n t r o l l e r  i s  at tend-  
ing t o  one ax i s  and reducing the e r r o r  there ,  he i s  not  
l i k e l y  t o  be at tending t o  the o ther  ax i s  and the e r r o r  i n  
the  unattended ax i s  w i l l  increase.  O f  course,  i f  the  
commutating r a t e  is  very high, the  e f f e c t s  of the  second 
axis w i l l  be small. I f  an increase  i n  error and c o r r e l a t i o n  
between the  s igna l s  i n  the  two axes i s  observed the present  
s ingle-axis  models w i l l  have t o  be modified before  they can 
be appl ied  t o  the  multi-axis s i t u a t i o n .  

Senders, J. W., "The Human Operator as  a Monitor and Con- 
t r o l l e r  of Multi-Degree-of-Freedom Systems," 4th National 
Symposium on Human Factors i n  Elec t ronics ,  Washington, D. C. , 
(May 1963). 
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The following i s  a b r i e f  descr ipt ion of the  experiments w e  
performed. The t racking s i t u a t i o n  was a conventional com- 
pensatory cont ro l  s i t u a t i o n  w i t h  a scope d isp lay  on which 
was presented an e r r o r  dot  and a c i r c l e .  
1 2  cm i n  diameter. 
The task was t o  keep the  e r ro r  dot as close t o  t h e  cen te r  
of the  c i r c l e  as possible .  The system dynamics were pure 
i n e r t i a ,  2/s . The control  was a two-axis spr ing- res t ra ined  
,jcy s t i c k  which had a.smal1 i n e r t i a  and small f r i c t i o n ,  and 
was spr ing  res t ra ined .  
s t i c k  was 245 degrees i n  each ax i s ,  
cont ro l  system i s  shown i n  Fig. l a .  

The scope was 
The ta rge t  c i r c l e  was .4 cm i n  diameter. 

2 

The t o t a l  excursion of the  cont ro l  
A f l o w  diagram of the  

Experiments were performed with no input  forcing f'unction 
i n  which the con t ro l l e r ' s  task was merely t o  keep the sys- 
t e m  s t a b i l i z e d  and t o  cancel out whatever noise  was i n t r o -  
duced by the analog computer and o ther  apparatus .  Experi- 
ments were a l s o  performed wi th  an input  forc ing  funct ion 
tha t  had a rectangular  spectrum of bandwidth .08 cps, and 
RMS amplitude of approximately 2 cm. 

Two subjec ts  were used, both f a i r l y  experienced t rackers .  
One of these subjec ts  was a p i l o t  who had considerable  
p r i v a t e  f ly ing  experience, 
small amount of t r a in ing  on each of the  experimental condi- 
t i o n s .  The t o t a l  t ra ining amounted t o  about two t o  three 
hours and was concentrated on those tasks which were most 
d i f f i c u l t .  It is  not l i k e l y  that w i t h  t h i s  small amount of 
t r a i n i n g  the  subjects  had approached the  l i m i t  of t he i r  
performance. 
expect that  t h e i r  performance would have improved. 

The subjec ts  received only a 

Rather, w i t h  considerably more training we 
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The fo l lowing  were the  experimental condi t ions t ha t  were 
invest igated.  With no input s igna l  the subjec ts  first 
t racked only i n  the X axis, wi th  the e r r o r  dot constrained 
s o  tha t  i t  could move only i n  the hor izonta l  X ax i s  of the 
scope. Next the  subjec ts  tracked only i n  Y with the  X a x i s  
of the  scope deact ivated.  Then they t racked both i n  X and 
Y. Next various amounts of input  coupling, as shown i n  
Fig,  lb,were incorporated i n  the  two-axis system. The i n -  
put  coupling corresponds t o  a r o t a t i o n  of the cont ro l  with 
respec t  t o  the  display.  Rotations of 26 degrees, 45 degrees,  
and 90 degrees were used. Final ly ,  two values of output 
coupling, as shown i n  Fig, IC, were incorporated i n t o  the  
system. Coupling constants of .5 and 1 were used. After 
these  experiments w i t h  no input  were completed, the  follow- 
ing experiments were performed with the input  forcing 
funct ion which had a rectangular  spectrum of .08 cps band- 
width? f irst  X ax i s  t racking only, then both X and Y axis 
t racking,  then two-axis tracking w i t h  input  coupling 
amounting t o  a 26 degree rotat ion,  and f i n a l l y  two-axis 
t racking w i t h  output coupling of .5 were used. The average 
absolute  e r ror  over successive one-minute periods of t rack-  
ing were recorded f o r  the X a x i s  and the Y a x i s  separately.  
Also, time-on-target scores were computed f o r  successive 
one-minute periods.  The output was considered on t a r g e t  i f  
t he  e r r o r  was within t h e  0.4 cm t a r g e t  c i r c l e .  Time-on- 
target scores  f o r  the X axis and the Y ax i s  and both X and 
Y axes were obtained. 

The r e s u l t s  of the experiments for t he  two subjec ts  a r e  
shown i n  Table 1. We see t h a t  with no input  s igna l  both 

*The RMS amplitude of the  input  was about 2 cm. 
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s u b j e c t s  could maintain the e r r o r  dot within t h e  target c i r -  
c le  almost a l l  of t he  time and had a time-on-target s co re  of 
about 100 p e r  cent  and error scores  t h a t  were very small. 
For both sub jec t s  there were small d i f f e rences  between X 
tracking and Y tracking. These d i f f e rences  are  probably 
the  r e s u l t  of the f a c t  t ha t  the sub jec t s  were more experi-  
enced i n  con t ro l l i ng  i n  X than i n  Y and t h a t  the cont ro l  was 
somewhat bet ter  human engineered f o r  X a x i s  movements ( l e f t -  
r i g h t  movements) than f o r  Y a x i s  movements (f  orward-backward 
movements). 
axis t e s t  produced an  increase i n  e r r o r s  and a decrease i n  
time-on-target scores .  Similarly, the incorpora t ion  of 
input  coupling increased the e r r o r s  and decreased the t i m e -  
on-target scores  r e l a t i v e  t o  t h e  two-axis t racking  without 
coupling. The changes are r e l a t i v e l y  small f o r  couplings 
of 45 degrees or less, but are very large f o r  a n  input  
coupling of 90 degrees. In  Fig. 2 i s  a p l o t  of the  e r r o r  
and time-on-target scores  a s  a func t ion  of i npu t  coupling. 
Output coupling leads t o  no marked increase  i n  e r r o r  beyond 
tha t  observed i n  the  two-axis uncoupled s i t u a t i o n .  The 
reason i s  that  wi th  no input forc ing  func t ion  the system 
output remains very c lose  t o  zero and t h e  e f f e c t s  of output 
coupling are very small. Similar  r e s u l t s  were observed 
w i t h  the input  forc ing  function. The add i t ion  of t h e  
second a x i s  degrades performance, the add i t ion  of a mcder- 
a te  amount of input  coupling degrades performance s l i gh t ly .  
But with an  input  s igna l ,  the add i t ion  of output coupling 
produces a considerable degradation i n  performance, a r e s u l t  

The add i t ion  of the second a x i s  t o  t he  single- 
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t h a t  was not  observed without the input  fo rc ing  f’unction. 
With the input  s i g n a l  present, the  output does devia te  from 
zero and the  output coupling terms a r e  important. We note  
t ha t  i n  almost a l l  cases sco res  of time-on-target i n  both 
X ad3 Y simultaneously are v e r y  near ly  enual t o  the product 
of TOTX and TOTy, thus indicat ing tha t  t he  p robab i l i t y  t h a t  
responses w i l l  be on t a rge t  i n  X is  independent of the prob-- 
a b i l i t y  t h a t  i t  w i l l  be on t a r g e t  i n  Y. This  r e s u l t  i s  a 
small  i n d i c a t i o n  tha t  responses i n  t h e  two axes a r e  perform- 
ed independently and time-sharing, i f  i t  e x i s t s ,  does not  
a f f e c t  the e r r o r  s igna l .  

W e  might i n t e r p r e t  the f a c t  t h a t  performance worsened i n  X 
a x i s  when the Y a x i s  was added a s  an i n d i c a t i o n  tha t  the 
s ingle-ax is  models must be modified for multi-axis con t ro l  
s i t u a t i o n s ,  and the f a c t  t ha t  performance was degraded when 
input  coupling was added as an i n d i c a t i o n  t h a t  t he  sub jec t s  
d i d  not decouple t h i s  system completely, o r  that the  
necess i ty  t o  decouple l e d  t o  degradation of t racking.  

On the o ther  hand, the changes i n  performance may be due 
simply t o  l a c k  of t r a in ing  w i t h  the  two-axis and coupled 
tasks. There are two indicat ions t h a t  the e f f e c t s  of l a c k  
of t r a i n i n g  may be important. F i r s t ,  even f o r  small  amounts 
of input  coupling (26 degrees) the e r r o r  increased. Input  
coupling i s  equivalent t o  a r o t a t i o n  of the  cont ro l  with 
respent  t o  the display.  We would expect that  wi th  t r a i n -  
ing  sub jec t s  would l e a r n  t o  make movements i n  the co r rec t  
d i r e c t i o n  and compensate f o r  the  r o t a t i o n .  This they 
apparent ly  d i d  not  do. Second, t h e  information t rsnsmission 
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r a t e s  i n  t h i s  t a s k  were ve ry  low. I n  s ing le-ax is  continuo- 
t r ack ing  information, transmission r a t e s  a s  high a s  8 b i t s / s ec  
have been reported.  Information r a t e s  as high a s  17 b i t s h e c  
have been observed i n  disontinuous or point ing tasks .  The 
highest  s ingle-axis  information r a t e s  observed i n  t h i s  experi-  
ment a r e  l e s s  than 1 bi t /sec.  Thus, i t  does not appear t h a t  
the subjec ts  a r e  being loaded t o  the  l i m i t  of t h e i r  informa- 
t i o n  transmission capaci ty ,  and we might expect that  wi th  
f u r t h e r  t r a in ing  they could control  each of two axes a s  w e l l  
as a s ingle-axis .  We plan t o  repeat  t h i s  experiment w i t h  

more highly- t ra ined cont ro l le rs  t o  see  i f  t h i s  r e s u l t  i s  
obtained. 

Elkind, J. I. and L. T. Sprague, "Transmission of Informa- 
t i o n  i n  Simple Manual Control Systems," IRE Transactions 
on Human Factors i n  Electronics ,  V o l .  WE-2, No. 1, March 
1961. 

2 
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TABLE I 
AVERAGE ABSOLUTE ERROR AND FF-ACTION TIME-ON-TARGET 

SCORES* FOR TWO SUBJECTS 

CONDITION e r ro ry  \error4 TOTy TOTX TOTXandY (TOT& m y :  
cm ' cm 

NO INPUT 

K Only 

Y Only 

X and Y 

X and Y 26' 
Input Coupling 

X and Y 45' 
Input Coupling 

X and Y 90' 
Input Coupling 

Y and Y 0.5 
Output Coupling 

X and Y 1.0 
Output Coupling 

.023 

.062 

055 
095 

.081 097 

. I27  .085 

135 129 
.160 099 

.226 .176 
2-75 175 

1.05 92 
94 1.01 

.111 .130 
173 .og8 

1.00 
1.00 

1.00 
-91 

-98 .95 
-77 .89 
.92 .BO 
.73 e91 

.77 .78 

.47 .85 

.21  .2g 

.27 .20 

.88 -85 

.82 .97 

.94 .92 

.85 .96 

9 93 
71 

76 
69 

.64 

.41 

.10 
07 

72 
.80 

.86 
83 

93 
69 

74 
.66 

.60 

.40 

. cd 
05 

75 
.80 

87 
.82 

R . 0 8  INPUT 

x only 

X and Y 

,061 1.00 
.172 50 

.243 .18.2 75 74 58 

.254 .283 .37 .37 15 
55 
.14 

X and Y 26' 393 .241 .56 .63 30 35 
Input Coupling 353 .271 .30 .49 15 15 

X and Y 0.5 535 374 .49 .47 .26 23 
Output Coupling .545 .419 .21  .28 05 .06 
Y 

"Each en t ry  i s  the  average of t h ree  measurements on a single sub jec t .  
I n  every case the  upper entry i s  for Subject 1 and the  lower en t ry  
i s  f o r  Subject 2. 
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